Summary Statement: As gravity decreases, humans reduce peak vertical speed in running to optimally 1 balance energetic costs of ground-contact collisions and frequent steps, contributing to lower vertical dis-2 placement during the non-contact phase. In gravity below Earth normal, a person should be able to take higher leaps in running.
frequency-dependent (Alexander, 1992; Doke et al., 2005) , or from short muscle burst durations recruiting 48 less efficient, fast-twitch muscle fibres (Kram and Taylor, 1990; Kuo, 2001) . This penalty has minimal cost 49 when V is maximal and, notably, increases with gravity (this fact comes about since runners fall faster 50 in higher gravity, reducing the non-contact duration). Therefore, the two sources of cost act in opposite 51 directions: collisional loss promotes lower takeoff speeds, while frequency-based cost promotes higher takeoff 52 speeds.
53
If these two effects are additive, then it follows that the total cost per step is
56 57
where A is an unknown proportionality constant relating frequency to energetic cost. As the function is 
61 as the unique critical value. Here the asterisk denotes a predicted (optimal) value. Since E tot approaches 62 infinity as V approaches 0 and infinity (equation 1), the critical value must be the global minimum in the 63 domain V > 0. As k > 0, it follows from equation 2 that the energetically-optimal solution is to reduce the 64 vertical takeoff speed as gravity decreases.
vertical displacement in the ballistic phase to verify whether the counter-intuitive observation of lowered 70 ballistic COM height in hypogravity, as exemplified in Movie S1, is a consistent feature of reduced gravity 71 running.
72

Methods
73
We asked ten healthy subjects to run on a treadmill for two minutes at 2 m s -1 in five different gravity levels
74
(0.15, 0.25, 0.35, 0.50 and 1.00 G, where G is 9.8 m s -2 ). A belt speed of 2 m s -1 was chosen as a comfortable,
75
intermediate jogging pace that could be accomplished at all gravity levels. Reduced gravities were simulated 76 using a harness-pulley system similar to that used by Donelan and Kram (2000) . The University of Calgary
77
Research Ethics Board approved the study protocol and informed consent was obtained from all subjects.
78
Due to the unusual experience of running in reduced gravity, subjects were allowed to acclimate at 79 their leisure before indicating they were ready to begin each two-minute measurement trial. In each case, 
83
Implementation and measurement of reduced gravity
84
Gravity levels were chosen to span a broad range. Of particular interest were low gravities, at which the 85 model predicts unusual body trajectories. Thus, low levels of gravity were sampled more thoroughly than 86 others. The order in which gravity levels were tested were randomized for each subject, so as to minimize 87 sequence conditioning effects.
88
For each gravity condition, the simulated gravity system was adjusted in order to modulate the force 89 pulling upward on the subject. In this particular harness, variations in spring force caused by support spring 90 stretch during cyclic loading over the stride were virtually eliminated using an intervening lever. The lever 91 moment arm was adjusted in order to set the upward force applied to the harness, and was calibrated with 92 a known set of weights prior to all data collection. A linear interpolation of the calibration was used to 93 determine the moment arm necessary to achieve the desired upward force, given subject weight and targeted 94 effective gravity. Using this system, the standard deviation of the upward force during a trial (averaged 95 across all trials) was 3% of the subject's Earth-normal body weight.
96
Achieving exact target gravity levels was not possible since the lever's moment arm is limited by discrete 97 force increments (approximately 15 N). Thus, each subject received a slight variation of the targeted gravity 98 conditions, depending on their weight. A real-time data acquisition system allowed us to measured tension 99 forces at the gravity harness and calculate the effective gravity level at the beginning of each new condition.
filtering was not aggressive and no differentiation was required. If a takeoff could not be identified prior to 126 the point of maximum height within half the median stride time, the associated measurement of ballistic 127 height was rejected; this strategy prevented peaks from being associated with takeoff from a different stride.
128
Statistical methods
129
Takeoff velocities and ballistic heights were averaged across all gait cycles in each trial for each subject. To 130 test whether ballistic height varied with gravity, a linear model between ballistic height and gravitational
131
acceleration was fitted to the data using least squares regression, and the validity of the fit was assessed 132 using an F -test. Since the proportionality coefficient between V * and √ g is unknown a priori, we derived its analyzed using custom scripts written in MATLAB (v. 2016b).
137
Results and Discussion
138
Pooled data from all trials are shown in Fig. 2 . Fig. 2A shows that ballistic height increases with gravity
139
(linear vs constant model, p = 4 × 10 −3 ), validating that the counter-intuitive result exemplified in Movie S1
140 is a consistent feature of running in hypogravity. Despite being statistically distinguishable from a constant 141 model, the linear fit is a poor predictor of ballistic height, with R 2 = 0.24.
142
Takeoff velocity also increases with gravitational acceleration (Fig. 2B) , and a least-squares fit using takeoff speed depends on both frequency-based penalties and collisional costs, the former penalties change 160 with gravity while the latter do not (Fig. 3) . Collisional costs are independent of gravity because the final 161 vertical landing velocity is alone responsible for the lost energy. Regardless of gravitational acceleration,
162
vertical landing speed must equal vertical takeoff speed in the model; so a particular takeoff speed will have 163 a particular, unchanging collisional cost.
164
However, taking off at a particular vertical velocity results in less frequent steps at lower levels of gravity-165 thus, the frequency-based costs are reduced as gravity decreases (Fig. 3) . According to our model, the 166 observed changes in kinematics with gravity occur only because frequency-based costs are, surprisingly, to be an important determinant of the effective movement strategies available to the motor control system.
169
Their apparent influence warrants further investigation into the extent of their contribution to metabolic 170 expenditure.
171
The simple impulsive model underpredicts the changes observed in ballistic height. The dotted line in 172 Fig. 2A is the predicted height achieved given the best-fit of the takeoff velocity in Fig. 2B , assuming 173 ballistic trajectories after takeoff, and is consistently lower than mean values for g > 0.3 G. We defined
174
"takeoff" as occurring when the net force on the body was null and velocity was maximal; however, this + muscular work ) + muscular work ) Figure 1 : Schematics explaining the energetic model (A) In the impulsive model of running, a point mass bounces off vertical, massless legs during an infinitesimal stance phase. As the horizontal velocity U is conserved, the vertical takeoff velocity V dictates the step frequency and stride length. Smaller takeoff speeds result in more frequent steps that incur an energetic penalty. The small box represents a short time around stance that is expanded in panel B. (B) We assume that the center-of-mass speed at landing is equal to the takeoff speed. The vertical velocity V and its associated kinetic energy are lost during an impulsive foot-ground collision. The lost energy must be resupplied through muscular work. -2 ), mean ballistic height is greater than predictions beyond error. As takeoff velocity is defined here at the point when net force on the body is null, this discrepancy is due to a prolonged stance phase beyond the takeoff point, reducing the vertical deceleration experienced by the center of mass. (B) Measured vertical takeoff velocities increase proportionally with the square root of gravitational acceleration, following energetic optimality. The least squares fit is shown as a dashed line. The fit has an R 2 value of 0.73 (N = 50). For both panels, data points represent the mean gravity (abscissa) and vertical takeoff speed or ballistic height (ordinate) across ten subjects, grouped by target gravity level. An exception is in one subject, where the lowest and secondlowest levels of gravity were both closer to 0.25 G than 0.15 G; therefore, both trials were grouped with the second-lowest gravity regime. From left to right, the sample sizes for means are therefore 9, 11, 10, 10, and 10. Error bars are twice the standard error of the mean. Data used for creating these graphics are given in Table S1 Figure 3: The energetic costs according to the model are plotted as a function of vertical takeoff speed (V ) for the five levels of gravity tested. The hypothetical subject has a mass of 65 kg and a frequency-based proportionality constant (A in E freq = Af 2 ) derived from the best fit in Fig. 2B . The collisional cost (E col = mV 2 /2) does not change with gravity (black dot-dash line), while the frequencybased energetic cost (E freq , dotted lines) is sensitive to gravity, leading to an effect on total energy (E tot , solid lines). The optimal takeoff speed (yellow stars) changes with gravity only because frequency-based cost is gravity-sensitive; however, the unique value of the optimum at any given gravity level always balances collisional and frequency-based costs. Labels of gravity levels (g) are placed over the colours they represent.
